We demonstrate an all-optical low-power 2R regenerator of 10-Gb/s non-returnto-zero data based on a 10-m-diameter electrically pumped microdisk laser, which is heterogeneously integrated onto the silicon-on-insulator platform and processed in a CMOS pilot line. The scheme results in BER improvement 8and works for submilliwatt-level input signals. The laser operates in the continuous-wave regime, and it is single mode at room temperature and consumes 6 mW of electrical power. Its regeneration capability is investigated in simulations and experimentally demonstrated.
Introduction
With the growth of Internet-based services, the telecommunication industry is faced with an ever increasing need for bandwidth. Electronic interconnects are fundamentally limited in the achievable bandwidth-distance product, and therefore, an alternative solution needs to be found. Its realization should also be CMOS compatible in order to be cost effective. With the advances in photonic integration technology, an integrated optical solution has become feasible. Optical wavelengthdivision-multiplexed (WDM) network links were already able to fulfill the bandwidth capacity requirements in the past. However, due to the increasing demand, the logical next step in optical network evolution will be to implement the routing and switching in the optical domain. As systems consist of an increasing number of components working together, the amount of data that needs to be sent across a chip and between different system components increases as well. A major concern here is the accumulation of noise, which severely limits the cascadability of optical network nodes [1] . Different techniques have been proposed for 2R regeneration (re-amplification, Reshaping), for instance, devices based on interferometric structures such as all-optical SOAbased Mach-Zehnders [2] and devices based on self-phase modulation [3] , [4] . The limitations of these schemes are their complex structures, their high power consumption or their ability to only regenerate return-to-zero (RZ) signals. Stand-alone semiconductor optical amplifiers (SOAs) are more attractive in terms of switching, gating, wavelength conversion, and regeneration due to their optical gain, their strong nonlinear behavior, and their integrability in photonic circuits. Error and pattern dependence-free 40 Gb/s 3R regeneration (re-amplification, reshaping, re-timing) has been demonstrated using a single SOA in a delayed-interference configuration [5] . Bistable semiconductor ring lasers have proven to be good candidates for all-optical signal regeneration (2R) and retiming [6] . In the 2R operation, the extinction ratio (ER) of the optical data pulse is significantly improved when the input ER is as low as 1 dB. Passive signal regeneration based on a membrane InP switch has been reported [7] . Because of the high confinement of light in the active region of the membrane switch, the device acts as a saturable absorber with a highly non-linear response. Improvement in the ER and regenerator operation up to 5 Gb/s have both been shown. Finally, a broadband optical colorless 2R regenerator based on a single distributed feedback laser is also able to regenerate 25 Gb/s non-return-to-zero (NRZ) signals, as reported in [8] .
Semiconductor microring or microdisk lasers are suitable as bistable lasers for optical switching or signal processing applications [9] . Using heterogeneous integration, their incorporation in photonics integrated circuits has been made relatively easy. Microring lasers with very low threshold currents have been demonstrated, making these lasers good candidates for light sources for, e.g., on-chip optical interconnects [10] . Microdisk lasers are moreover very versatile devices, used as wavelength converters [11] , modulators, and resonant photodetectors [12] , all with minimal power consumption.
In this paper, we present a new signal processing application of the microdisk laser, used as regenerator. We demonstrate the regeneration of 10 Gb/s NRZ signals based on a microdisk laser heterogeneously integrated on the Silicon-On-Insulator (SOI) platform and fabricated in a CMOS pilot-line. The regenerator only requires 6 mW of operational power and works for sub-milliwatt level input signals, which makes the scheme simpler and more power efficient than opto-electronic regeneration, that typically requires several watts.
Device Design and Integration Technology
The device fabrication in the CMOS pilot-line relies on the molecular bonding of a 2-inch wafer of the molecular-beam-epitaxy-grown InP-based heterostructure onto SOI [13] , [14] . The 200-mm patterned SOI wafer is planarized by depositing SiO 2 followed by chemical-mechanical polishing (CMP). The SOI circuit consists of narrow SOI waveguides with a width of 800 nm and a height of 220 nm. The SOI waveguides are fabricated in a CMOS fabrication using 248-nm deep ultra-violet (DUV) lithography. The design of the passive SOI circuit for the considered device consists of a 800 nm-wide waveguide, tapered down on both sides to a 450 nm-wide waveguide. The 450 nmwide waveguides themselves are tapered up to shallow-etch (etch depth: 70 nm out of the 220 nm) grating couplers (GCs) used to collect the laser emission from the microdisk out of the chip in a single-mode optical fiber [15] . The fiber GCs are optimized for operation at 1.55 m.
The device is schematically depicted in Fig. 1 . The unprocessed III-V wafer, which is coated with a thin layer of SiO 2 , is bonded top side down on the patterned SOI wafer by means of molecular bonding. The two levels are then separated by a 130 nm-thick layer of SiO 2 ðn ¼ 1:47Þ, allowing evanescent coupling to the underlying waveguide. After the bonding process, the InP substrate is removed so that only the desired epitaxial structure remains. Alignment markers for subsequent processing are defined in the Si layer relative to the waveguide structures. This allows the accurate alignment of microdisk lasers with respect to the waveguides. The coupling section between the microdisk and the passive circuit is in the middle of the 800 nm-wide waveguide. The microdisk lasers have a diameter of 10 m and consist of 483 nm thin disk cavity on top of a 100 nm thin InP bottom contact layer. The active layers consist of three compressively strained InAsP quantum wells emitting around 1530 nm and are surrounded by an n-doped layer at the bottom and a p-doped layer at the top to form the diode structure. A tunnel junction is implemented on the p-side such that an n-type contact layer can be used instead of a heavily doped p-type contact layer, in order to reduce optical absorption significantly. The tunnel junction also ensures uniform current injection over the disk [16] . The standard III-V processing steps comply with a 200-mm wafer scale CMOS environment. In particular, 248-nm DUV lithography is used to accurately define the III-V structures. All etching, oxide isolation layer deposition, and metallization steps are performed at 200-mm wafer scale. Two dry etching steps are needed, one to define the disk cavity and another one to make the disk laser bottom contact area. SiO 2 is deposited as cladding layer, and a CMP step is performed to planarize the surface. The low refractive index of the material ensures good optical confinement of the laser light in the microdisk laser. It also reduces the optical losses induced by the metallic top contact as the distance between the optical mode and the metal can be made large enough. To be able to contact the devices, all vias are etched in a single step where the III-V materials are used as an etch stop. The standard Ti/Pt/Au contacts cannot be used as gold is not allowed in a CMOS environment. Therefore, a CMOS compatible Ti/TiN/AlCu (10/40/1000 nm) metal stack is used [17] and demonstrates very good specific contact resistances [18] . The 1 m-thick contact also serves as a heat sink as it improves the heat dissipation under continuous-wave bias. Above threshold, the laser emission from the microdisk is coupled to the TE mode of the waveguide and is simultaneously collected out of both GCs in optical fibers positioned at 10 angle in order to maximize the collection at 1.55 m.
Static Microdisk Laser Performance
The microdisk laser considered here has a diameter of 10 m, and the emitted light evanescently couples to one underlying waveguide. The light-current (LI) characteristic of the microdisk laser, measured simultaneously at the two ends of the SOI waveguide, is depicted in Fig. 2(a) . This measurement was undertaken under continuous wave operation at room temperature.
When the threshold current of 1.6 mA is surpassed, the microdisk laser is unidirectional. The asymmetry in field reflectivity on both sides of the waveguide leads to different back reflection levels in the laser cavity, as will be discussed below. This difference is responsible for the difference in output power between the two sides. The maximum optical power collected in the fiber is 8 W (this corresponds to 40 W in the silicon waveguide). Fig. 2(b) shows the output power spectrum of the biased microdisk laser (under continuous-wave bias at 4.0 mA) which illustrates single-mode lasing at 1561.6 nm. The free-spectral range of the laser is 22 nm, and a side-mode suppression ratio of 25 dB is measured in Fig. 2(b) .
Simulation of the Regeneration Behavior
We formulate the rate equations for the fields in the microdisk laser in terms of two counterpropagating whispering gallery modes with electric fields E þ , propagating in the clockwise (CW) direction, and E À , propagating in the counterclockwise (CCW) direction, as [19] , [20] 
The model includes internal losses in the cavity and losses due to outcoupling through the photonlifetime parameter p . The parameter is the linewidth enhancement factor that accounts for variations in refractive index due to carrier fluctuations in the semiconductor medium. G is the modal gain factor which will be described further, and 
I denotes the injected current, and c is the carrier lifetime. The two other terms take into account the carrier depletion due to stimulated emission. The gain experienced in a semiconductor material decreases for high optical intensity. This is due to gain suppression. Gain suppression takes place even when the total carrier density N is constant and reflects the reduction of Bresonant carriers[ due to carrier heating and spectral hole burning. To account for this effect, the modal gain can be written as
where " s reflects the self-gain suppression and " c the cross-gain suppression. The confinement factor À is due to the limited height of the active multi-quantum well. N 0 is the transparency carrier density, g 0 is the differential gain, and g is the group velocity in the microdisk laser. Strain in the quantum wells has a large impact on the band structure of the active material and can have beneficial effects on the gain, by reducing the transparency carrier density and/or improving the differential gain.
Calculations have shown that " c ¼ 2" s [21] , [22] . The cross-gain suppression " c will therefore break the symmetry and enforce unidirectional operation of the laser. The gain suppression is, however, only significant when the photon density is high. This means that, at lower output powers, normally, a bidirectional regime will be present. Table 1 summarizes the parameters implemented in the numerical solving of the above set of equations. The simulation is performed at the resonance wavelength of the microdisk laser (1561.6 nm). The value for the linear coupling coefficient K is chosen so that the simulation matches the experimental results presented in Section V of this paper.
In order to model the asymmetry in reflection from both sides of the waveguide, an extra term is explicitly added to the rate equations in Eq. (4.6) and (4.7) to calculate the fields propagating in the CW direction and the CCW direction, respectively. The normalized field reflectivity from the bus waveguide is implemented with a coefficient T i ¼ r i jj 2 , where r i represents the field reflection coefficient from the left/right side of the silicon waveguide measured at the microdisk/bus waveguide interface, and jj 2 is the power coupling coefficient between the silicon waveguide and the microdisk laser. Also, in Eqs. (4.6) and (4.7), the spontaneous emission of the microdisk laser is implemented in two electric fields E noise1 ðt Þ and E noise2 ðt Þ where E noise ¼ RR:n:e 2jn 0 , with RR representing the spontaneous emission amplitude and n and n 0 random numbers between 0 and 1. Finally, in Eq. (4.7), the calculation of the CCW field takes the injection of optical pulses on the left side of the waveguide into account (represented by E in ). That is
We simulate the injection of a noisy 10 Gb/s pseudo-random bit-sequence (PRBS) in the waveguide, along the CCW direction of propagation. The microdisk laser in the simulation is operated at 4 mA under continuous-wave bias and is originally lasing in the CW direction. Gaussian white noise is added to the electrical field of the input signal, both in the logical B1[ level and in the logical B0[ level. The input signal is then filtered using a band-pass filter with a bandwidth of 61 GHz. The average input power coupled to the microdisk is then 0.35 mW. The optical power of the noisy and filtered input pattern in the waveguide before the microdisk laser is plotted in Fig. 3(a) . In the simulation, the optical power traveling in the cavity and in the bus waveguide is obtained from a conversion of the photon density jE j 2 (implemented in the simulation in cm À3 as P ¼ jE j 2 " h!v g A eff , where A eff is the effective area of the optical mode. The resulting eye diagram is depicted in Fig. 3(b) .
We calculate the amplitude of the field at the output of the microdisk laser. Fig. 4(a) shows what happens when the 10 Gb/s data stream is injected from the left side (at t ¼ 0). The field propagating on the right side of the waveguide [blue trace in Fig. 4(a) ] consists of the transmitted input field and of the CCW laser emission of the microdisk laser coupled to the waveguide. The destructive interference between the CCW laser emission of the microdisk laser and the transmitted input field is taken into account in the simulation. The field propagating on the left side of the waveguide [green trace in Fig. 4(a) ] consists of the CW laser emission of the microdisk laser coupled to the waveguide. From t ¼ 0 to t ¼ 300 ps, the microdisk laser threshold is not yet reached. Only the Parameters considered for the simulation of the regeneration behavior of a microdisk laser transmitted input field is measured on the right side of the waveguide. At t ¼ 300 ps, we observe that the microdisk laser starts lasing in the CW dominant state, in which the CCW mode is suppressed. The power measured on the left side of the SOI is increasing. From t ¼ 400 ps and for the rest of the PRBS sequence, we see that the injected external pulses couple into the microdisk cavity. As the injected pulses are strong enough, they switch the laser to operate in the CCW mode. In this case, the power on the left side of the SOI waveguide becomes low. But after the pulses have passed through, the asymmetry in the reflectivity from the right side of the bus waveguide forces the microdisk laser to switch back to the CW mode. To suppress transient oscillations of the laser, we also implement a band-pass filter with a bandwidth of 61 GHz at the right output of the microdisk laser. The eye diagram of the optical power in the waveguide after the bandpass filter is depicted in Fig. 4(b) . It is plotted above threshold of the microdisk laser. The optical power then consists of the transmitted input power and of the CCW laser emission of the microdisk laser coupled to the waveguide. The noise level of the signal after the microdisk laser is reduced compared to the noise level of the input PRBS. The ER measurement is carried out by measuring the logical B0[ and B1[ levels of the data waveform. The calculated ER of the eye diagram of the input signal [ Fig. 3(b) ] is 4.7 dB, while the calculated ER of the eye diagram of the regenerated signal [ Fig. 4(b) ] is 7.3 dB.
We simulate the ER of the regenerated signal in the waveguide as a function of the input pulse power. The regenerated signal consists of the transmitted input field and of the CCW laser emission of the microdisk laser coupled to the waveguide. The parameters for this simulation are identical to Fig. 4. (a) Optical powers at the output of the microdisk laser, in the waveguide, after filtering with a 61 GHz band-pass filter. Above threshold, the microdisk is lasing in the CW dominant state (green) (t G 400 ps), but as soon as an optical pulse is injected on the left side of the waveguide, the microdisk switches to lase in the CCW dominant state (blue). After the pulse has passed through, the microdisk laser switches back to the CW mode (green). (b) Resulting eye diagram of the regenerated and filtered signal in the waveguide after the microdisk laser. Table 1 . The microdisk laser is still operated at 4 mA under continuous-wave bias. The ER of the PRBS signal is kept constant and equal to 5.6 dB. In Fig. 5 , it is clear that, for low input pulse powers (lower than 0.1 mW in the waveguide), the ER of the signal after the microdisk laser is greatly improved. The influence of the laser emission of the microdisk laser on the eye diagram of the regenerated signal is strong. For higher input pulse powers, the contribution of the transmitted input field in the regenerated signal is stronger and the effect of the laser emission from the microdisk on the regeneration is less significant. The advantage of the regenerator lies in the fact that it is effective for sub-milliwatt input signals, which makes it more power efficient than optoelectronic regeneration.
Regenerator Demonstration: Results at 10 Gb/s
For the experiment, we use the setup depicted in Fig. 6 . Light from a tunable laser source at the resonance wavelength of the microdisk laser (1561.6 nm) is sent through a modulator, which is driven by a 10 Gb/s pulse pattern generator (PPG). The PPG generates a PRBS of 2 31 -1 bits. We use polarization controlling wheels after the laser source as the modulator only works in TE mode. The original signal is being attenuated, amplified using an erbium-doped fiber amplifier (EDFA), and filtered with a 3 nm optical band-pass filter to decrease the optical signal-to-noise ratio. The resulting signal has an average power of 3.5 dBm after degradation and is injected with an optical fiber under a 10 angle into the waveguide through the left GC. Due to a 20% coupling efficiency of the GCs, the optical power coupled to the microdisk laser is in the sub-milliwatt range. Light coupling out of the right GC after the microdisk laser is collected in an optical fiber under a 10 angle. Amplification after the microdisk 2R regeneration was needed to increase the signal power. The optical amplification was implemented in combination with an optical band-pass filter (bandwidth of 0.50 nm) to remove amplified spontaneous emission and to emulate the simulated band-pass filter implemented in the simulations. A variable attenuator is used to change the received optical power on the receiver in order to plot BER-diagrams. The microdisk laser is operated at 4 mA under continuous-wave bias.
The regenerative capabilities of the regenerator under dynamic operation at 10 Gb/s are demonstrated. Fig. 7 shows the BER measurement results of the degraded signal and the regenerated signal. To measure the BER of the degraded signal, the modulated light out of the 3 nm optical band-pass filter is directly sent to the second EDFA. Fig. 8(a) and (b) show the eye diagrams with and without the 2R regenerator. Clearly, the signal is regenerated. An improvement in the ER is demonstrated. For an input signal with a 13 dB-ER, a 2.9 dB-improvement in ER is measured. The relatively low experimental ER improvement is due to the presence of the EDFA before the photoreceiver and to a high receiver noise. The amplified spontaneous emission from the EDFA considerably increases the level of the logical B0.[ The regeneration is also visible in Fig. 9 where the distributions of the logical B0[ and logical B1[ levels from the two eye diagrams are plotted. The noise is significantly reduced after regeneration, even though we still suffer from the amplified spontaneous emission from the EDFA located before the receiver. The eye becomes more open after the 2R regenerator. Less data points are present between the two logical levels on the distribution related to the regenerated signal [ Fig. 9(b) ] than on the distribution related to the degraded one [ Fig. 9(a) ]. The distribution of logical B1[ level is also narrower after regeneration. We demonstrate an improvement in the Q-factor, from 3.93 for the eye of the degraded signal [ Fig. 8(a) ] to 4.24 for the eye of the regenerated signal [ Fig. 8(b) ].
Conclusion
A new concept for 2R regeneration is proposed using a microdisk laser. Improvement in ER and noise reduction have been experimentally demonstrated. We reported bit error rate improvement in 10 Gb/s NRZ signals. We explain the relatively low re-amplification of the signal after the microdisk laser by the low photon lifetime in the cavity. Simulations demonstrate optical output powers in the milli-watt range in the waveguide after the microdisk laser when the photon lifetime is increased to a few picoseconds. Improving the etching process of the microdisk (improvement in the sidewall roughness) will increase the photon lifetime and allow the combination of the noise reduction to a stronger re-amplification of the signal. The advantage of the regenerator lies in the fact that it is effective for sub-milliwatt input signals and consumes 6 mW of operational power. The regenerators presented in [2] , [5] , and [8] all require optical input powers of several milli-watts and are biased above 100 mA. This CMOS compatible scheme is promising for all-optical regeneration in future optical networks.
